A Sorting Platform Determines the Order of Protein Secretion in
Bacterial Type lll Systems

Maria Lara-Tejero, et al.

Science 331, 1188 (2011);

AVAAAS DOI: 10.1126/science.1201476

This copy is for your personal, non-commercial use only.

If you wish to distribute this article to others, you can order high-quality copies for your
colleagues, clients, or customers by clicking here.

Permission to republish or repurpose articles or portions of articles can be obtained by
following the guidelines here.

The following resources related to this article are available online at
www.sciencemag.org (this infomation is current as of April 28, 2011 ):

Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
http://www.sciencemag.org/content/331/6021/1188.full.html

Supporting Online Material can be found at:
http://www.sciencemag.org/content/suppl/2011/02/02/science.1201476.DC1.html

A list of selected additional articles on the Science Web sites related to this article can be
found at:
http://www.sciencemag.org/content/331/6021/1188.full. html#related

This article cites 34 articles, 16 of which can be accessed free:
http://www.sciencemag.org/content/331/6021/1188.full. html#ref-list-1

This article has been cited by 2 articles hosted by HighWire Press; see:
http://lwww.sciencemag.org/content/331/6021/1188.full.html#related-urls

This article appears in the following subject collections:
Cell Biology
http://www.sciencemag.org/cgi/collection/cell_biol

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
2011 by the American Association for the Advancement of Science; all rights reserved. The title Science is a

registered trademark of AAAS.

Downloaded from www.sciencemag.org on April 28, 2011


http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/331/6021/1188.full.html
http://www.sciencemag.org/content/331/6021/1188.full.html#related
http://www.sciencemag.org/content/331/6021/1188.full.html#ref-list-1
http://www.sciencemag.org/content/331/6021/1188.full.html#related-urls
http://www.sciencemag.org/cgi/collection/cell_biol
http://www.sciencemag.org/

REPORTS

1188

5. K. Papadopoulou et al., Proc. Natl. Acad. Sci. U.S.A. 96,
12923 (1999).

6. ). D. Hipskind, N. L. Paiva, Mol. Plant Microbe Interact.
13, 551 (2000).

7. R. W. Sandrock, H. D. Vanetten, Physiol. Mol. Plant
Pathol. 58, 159 (2001).

8. R. N. Bennett, R. M. Wallsgrove, New Phytol. 127, 617
(1994).

9. ]. Ellis, Plant Cell 18, 523 (2006).

10. See supporting material on Science Online.

11. J. D. Bendtsen, H. Nielsen, G. von Heijne, S. Brunak,
J. Mol. Biol. 340, 783 (2004).

12. 1. Y. Shi, T. L. Blundell, K. Mizuguchi, J. Mol. Biol. 310,
243 (2001).

13. H. Daiyasu, K. Osaka, Y. Ishino, H. Toh, FEBS Lett. 503,
1 (2001).

14. M. T. Gallegos et al., Microbiol. Mol. Biol. Rev. 61, 393
(1997).

15. C. R. Buell et al., Proc. Natl. Acad. Sci. U.S.A. 100,
10181 (2003).

16. ]J. M. Blair, L. J. Piddock, Curr. Opin. Microbiol. 12, 512
(2009).

17. U. Wittstock, B. A. Halkier, Trends Plant Sci. 7, 263
(2002).

18. B. L. Petersen, S. X. Chen, C. H. Hansen, C. E. Olsen,
B. A. Halkier, Planta 214, 562 (2002).

19. 1. E. Senderby et al., PLoS ONE 2, €1322 (2007).

20. ]. Beekwilder et al., PLoS ONE 3, e2068 (2008).

21. K. F. M. ). Tierens et al., Plant Physiol. 125, 1688
(2001).

22. A. A. Agrawal, N. S. Kurashige, J. Chem. Ecol. 29, 1403
(2003).

23. U. Wittstock et al., Proc. Natl. Acad. Sci. U.S.A. 101,
4859 (2004).

24. P. D. Brown, ]. G. Tokuhisa, M. Reichelt, ]. Gershenzon,
Phytochemistry 62, 471 (2003).

25. M. C. Whalen, R. W. Innes, A. F. Bent, B. ]. Staskawicz,
Plant Cell 3, 49 (1991).

26. N. F. Almeida et al., Mol. Plant Microbe Interact. 22, 52
(2009).

27. P. Bednarek et al., Science 323, 101 (2009);
10.1126/science.1163732.

28. N. K. Clay, A. M. Adio, C. Denoux, G. Jander, F. M. Ausubel,
Science 323, 95 (2009); 10.1126/science.1164627.

29. We thank D. Haas, C. Zipfel, K. Sohn, and
D. ]. Kliebenstein for providing the pME vectors,
bacterial strains, and Arabidopsis myb mutants used
in this study; B. Lee and S. Kopriva for help with the
glucosinolate assay; and C. Zipfel, C. Dean, A. Maule,
and V. Vitart for critical reading of earlier versions
of the manuscript. Supported by a grant from the
UK Biotechnology and Biological Sciences
Research Council (C.L.). ).F., C.C., G.C., L.H., S.F.,
and P.D. dedicate this paper to the memory
of Chris Lamb.

Supporting Online Material
www.sciencemag.org/cgi/content/full/331/6021/1185/DC1
Materials and Methods

Figs. S1 to S9

Tables S1 to S6

References

28 October 2010; accepted 24 January 2011
10.1126/science.1199707

A Sorting Platform Determines
the Order of Protein Secretion
in Bacterial Type Ill Systems

Maria Lara-Tejero, Junya Kato, Samuel Wagner, Xiaoyun Liu, Jorge E. Galan*

Bacterial type Il protein secretion systems deliver effector proteins into eukaryotic cells in order to
modulate cellular processes. Central to the function of these protein-delivery machines is their
ability to recognize and secrete substrates in a defined order. Here, we describe a mechanism by
which a type Il secretion system from the bacterial enteropathogen Salmonella enterica serovar
Typhimurium can sort its substrates before secretion. This mechanism involves a cytoplasmic
sorting platform that is sequentially loaded with the appropriate secreted proteins. The sequential
loading of this platform, facilitated by customized chaperones, ensures the hierarchy in type IlI
protein secretion. Given the presence of these machines in many important pathogens, these
findings can serve as the bases for the development of novel antimicrobial strategies.

acterial pathogens have evolved the
B capacity to deliver effector proteins into

target host eukaryotic cells (/). Various
protein-delivery machines have been described,
including the so-called type III, type IV, and type
VI secretion systems (2—5). Type III protein se-
cretion systems (T3SSs) are among the most
complex protein-secretion systems known (2, 5).
The needle complex, a central component of
these systems, serves as a conduit for the secreted
proteins as they pass through the bacterial en-
velope (6). Other essential elements of T3SSs are
several cytoplasmic proteins of unknown func-
tion and the so-called export apparatus. A group
of proteins known as “translocases” facilitate the
delivery of the effector proteins through the
eukaryotic host cell membrane (7, 8). Protein
secretion must be precisely coordinated to ensure
the deployment of components of the needle
complex, followed by the deployment of the pro-
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tein translocases and the delivery of effector pro-
teins (9-16). Interfering with the hierarchy of
secretion results in loss of T3SS function (/7).
Salmonella enterica serovar Typhimurium (S.
Typhimurium) encodes a T3SS, which mediates
its interactions with the intestinal epithelium (/8).
We investigated the function of cytoplasmic
components of this T3SS, which are essential
for its function. One of these proteins is SpaO
(19), a conserved component of T3SSs that shares
limited amino acid sequence similarity to com-
ponents of a flagellar substructure known as the
C ring (20, 21). We carried out a bacterial sub-
cellular fractionation to localize SpaO (22) and
found a substantial proportion (~20%) in high-
speed centrifugation pellets of total cell lysates
(Fig. 1A), with a sizable amount of SpaO present
in the same sucrose gradient fractions as the
needle complex (Fig. 1B). However, a substantial
proportion of SpaO was also detected in fractions
that did not contain the needle complex (Fig. 1B).
Furthermore, the subcellular localization of SpaO
did not appreciably change in a mutant strain
lacking the needle complex and membrane pro-
tein components of the export apparatus (Fig. 1C),
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and considerable amounts of SpaO remained
pelletable even after treatment with a detergent
concentration that should solubilize membranes
(Fig. 1D). Thus, SpaO appears to form a high
molecular weight complex even in the absence of
all the bacterial envelope components of the
T3SSs. To further characterize the SpaO com-
plex, we used blue native polyacrylamide gel
electrophoresis (BN-PAGE) (23). SpaO formed a
large, heterogeneous complex whose size did not
change much in the absence of the needle com-
plex or the membrane protein components of the
export apparatus (Fig. 1E).

To identify components of the SpaO com-
plex, we immunoprecipitated SpaO from whole-
cell lysates or sucrose gradient fractions, which
should only contain SpaO associated with the high
molecular weight complex. Immunoprecipitated
proteins were identified by liquid chromatography—
mass spectrometry (LC-MS/MS) after one-
dimensional SDS-PAGE (Fig. 2A and fig. S1)
or two-dimensional BN-PAGE (Fig. 2B and fig.
S2). We detected several T3SS-related proteins,
including components of the needle complex and
export apparatus; the cytoplasmic proteins OrgA,
OrgB, and InvC; and the protein translocases
SipB, SipC, and SipD. OrgA and OrgB were also
found to be part of a high molecular weight com-
plex similar in size to the SpaO complex (Fig. 2,
C and D). A preparation from cells lacking OrgA
and OrgB showed a reduced amount of SpaO in
the high molecular weight complex, suggesting
that these proteins may be required for the ef-
ficient assembly and/or stability of the SpaO
complex (fig. S3). Absence of the adenosine
triphosphatase (ATPase) InvC, by contrast, had
no effect on the abundance of SpaO in the high
molecular weight complex (fig. S3). Thus, the cyto-
plasmic proteins SpaO, OrgA, and OrgB form part
of a high molecular weight multiprotein complex
that can include components of the needle com-
plex and export apparatus.

The bacterial translocases SipB, SipC, and SipD
were also readily detected in SpaO immunopre-
cipitates (Fig. 2, A and B, and figs. S1 and S2),
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different treatments. Pellet fractions of SpaO obtained
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(_ SpaOFLAG

PR — Y g LV

Downloaded from www.sciencemag.org on April 28, 2011

A o B 2.5 - 12% blue native PAGE C \}
v
. N Q & &"Qy.g ¢ &~®y
& & ~ -250
std & R i R 150
- — E ‘= ~a— Pyruvate dehydrogenase subunit E1—%7 ‘[ 100
- wv
a .Dah drolipoamide acstyltranslerase
75kD we ’ w SopB ot - N
@ == -a—— Dihydrolipoamide dehydrogenase —% ~N|-50
50 w= - = PRGH, | C
S — nvC
. {-SpaOFLAG i = - Spa =
37 = SipC o N-37
2 ~SipD . @
=z
S T
25 - )
- ~ Prgk N 25 (JS
20 ~.OrgB 0
[ —— - 2
— OrgA 20
15
—+8icA
InvB SicP 13
10 | |prgd BN
15% SDS-PAGE * M
. u L m e kDa
o © o Q o ©  approx.
8 § R ¥ b 3 native m@ D SUCTF)SG
kDa fractions: 1 2345 6 78

Fig. 2. Characterization of the SpaO complex. (A and B) Cell lysates of wild-type S. Typhimurium or an isogenic strain Org AFLAG .
expressing FLAG-epitope—tagged SpaO were immunoprecipitated with an antibody against FLAG and separated by SDS- = e asm
PAGE (A), and interacting proteins were identified by LC-MS/MS (fig. S1). Alternatively, the pelletable fraction of cell

lysates from a S. Typhimurium—expressing FLAG-epitope—tagged SpaO was separated on a sucrose density gradient;

SpaO-containing fractions were pooled, and SpaO-interacting proteins were immunoprecipitated with an antibody

against FLAG and separated by 2D-BN-PAGE (B); and the identity of the proteins in the indicated spots (red circles) was OFQBFLAG-) _____
established by LC-MS/MS (fig. S2). (€) Whole-cell lysate of a S. Typhimurium strain expressing functional FLAG-epitope—

tagged SpaO, OrgA, or OrgB was separated into soluble and pelletable fractions by high-speed centrifugation. Pellet

fractions were then applied to a sucrose gradient, and relevant fractions were pooled, separated by BN-PAGE, and analyzed by immunoblot for the presence of SpaO,
OrgA, or OrgB (green) or the needle complex (red). The simultaneous detection of the needle complex and SpaO, OrgA, or OrgB is shown in the left (color) panel, and
only the detection of SpaO, OrgA, or OrgB is shown in the right (black and white) panel. (D) Subcellular fractionation of OrgA and OrgB. A whole-cell lysate of a
S. Typhimurium strain expressing FLAG-epitope—tagged OrgA or OrgB was separated into soluble and pelletable fractions by high-speed centrifugation. The pellet fractions
were then separated by sucrose gradient centrifugation, and the different gradient fractions were probed for the presence of OrgA or OrgB by immunoblotting.
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fraction was further separated on
a sucrose gradient, and the
relevant fractions were pooled

and separated by BN-PAGE [(C) and (D)]. Left panels in (C) and (D) show the
simultaneous detection of SipA, SptP (C), or SopE (D) (green) and the needle
complexes (red), and right (black and white) panels show only the channel
corresponding to the detection of the respective effector proteins. Lower panels in
(O) show SDS-PAGE immunoblot analysis of the indicated proteins in equal
amounts of whole-cell lysates of the indicated strains [(C) and (D)]. (F) Samples

and SipB was present in a complex similar in size
to the SpaO-OrgA-OrgB complex (Fig. 3A). The
SipB high molecular weight complex was absent
from strains lacking SpaO, OrgA, or OrgB (Fig.
3B). The S. Typhimurium T3SS is activated upon
contact with mammalian cells (16, 24), which
results in the stimulation of secretion and the
delivery of proteins into target cells. The T3SS of
bacteria grown under conditions that stimulate its
expression is largely “idle” although it is fully as-
sembled, “poised,” and ready for secretion upon
contact with target cells (25). The presence of the
protein translocases (which must be secreted before
the effectors) in the SpaO-OrgA-OrgB complex,
coupled to the observation that most effector pro-
teins were largely absent, suggested that this com-
plex might serve as a sorting platform to “queue”
the secreted proteins for sequential orderly delivery.
If this were the case, absence of the protein trans-
locases would resemble an “activated” system that
has deployed the translocases, and effector proteins
should be loaded onto the “sorting platform.” We
tested this hypothesis by examining the presence of
effector proteins in the SpaO-OrgA-OrgB complex

4 MARCH 2011

PSOpPEFtAG

SptP

in the absence of protein translocases. BN-PAGE
of samples isolated from a translocase-defective
S. Typhimurium mutant showed much higher abun-
dance of the effector protein SipA and SptP in the
high molecular weight complex when compared
to the wild type (Fig. 3C). Indeed, expression of
the effector protein SopE in a background strain
lacking all the translocases and effectors resulted
in a higher abundance of SopE in the high molec-
ular weight complex when compared to the wild
type (Fig. 3D). Detection of these effector proteins
in a high molecular weight complex was depen-
dent on SpaO (Fig. 3, C and D). Furthermore, the
proportion of effector proteins present in high-
speed centrifugation pellet fractions increased
substantially in the AsipBCD mutant strain (Fig.
3E), which is consistent with their increased load-
ing onto the SpaO-OrgA-OrgB platform in the
absence of the translocases. Thus, in the absence
of the translocases, effector proteins could asso-
ciate with the SpaO-OrgA-OrgB platform.

SpaO, OrgA, and OrgB are also required for
secretion of the proteins that make up the needle
and the rod substructure of the needle complex

VOL 331

0
DQ‘Q@ b‘aQ
Lf HF L P
v\u"&@%@v& &‘JD&)D 0 ‘QQQ, %bg

RS Q\Q \Q“ &» e\‘? «Q\Q 9,\9 &
o
z
I I |
@
m

SGS

SipA— | = SptP—=|~

\*

SR
o o o s 6@

\\69‘\ R

j_”,‘_’ “ Ve

@
2
T
>
@
m

SipB -+ A

from wild-type S. Typhimurium or a Ainv] mutant expressing a FLAG-tagged SpaO
were prepared as indicated above and separated by BN-PAGE. The left panels show
the simultaneous detection of SpaO or SipB (green) and the needle complexes
(red), and the right (black and white) panels shows only the channel corresponding
to the detection of SpaO or SipB. The lower panel shows SDS-PAGE immunoblot
analysis of SipB in equal amounts of whole-cell lysates of the indicated strains.

(26). They are also required for the secretion of
the regulatory protein InvJ (/0). In the absence of
InvJ, the secretion apparatus is locked in a mode
that constitutively secretes the needle and inner
rod proteins (but not the translocases) (/7). We rea-
soned that in the absence of InvJ, the SpaO-OrgA-
OrgB platform should not be loaded with the
protein translocases because, in the absence of
substrate switching, the translocases would not be
“poised” for secretion. Indeed, high molecular
weight complexes obtained from a S. Typhimurium
AinvJ mutant lacked the protein translocase SipB
(Fig. 3F), although the formation of the SpaO high
molecular weight complex was unaffected (Fig.
3F). Thus, the SpaO-OrgA-OrgB complex serves
as a sorting platform that establishes the appro-
priate hierarchy in the secretion process.

We next investigated the mechanisms by
which the SpaO-OrgA-OrgB sorting platform is
loaded with the appropriate substrates. Most pro-
teins destined to travel the type III secretion path-
way are associated with customized cytoplasmic
chaperones, which are necessary for their secre-
tion and in some cases their stability within the
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Fig. 4. The type Ill secretion chaperones are required for the loading of
translocases and effector protein onto the SpaO-OrgA-OrgB platform. (A)
Samples from the wild-type S. Typhimurium, a mutant lacking the translocase-
chaperone InvE, or a strain expressing a mutant of SptP lacking its chaperone-
binding domain (SptP*3>26%: indicated as SptP*) were prepared as indicated
in Fig. 3 and the presence of the translocases SipB, SipC, and SipD and the
effector protein SptP in the Spa0-OrgA-OrgB complex was examined by BN-
PAGE and immunoblot analysis. A S. Typhimurium lacking SipB was used as a
background strain to enhance the detection of SipD or SptP. In all cases, the left
panel shows the simultaneous detection of the indicated effector or translocase
(green) and the needle complexes (red) and right (black and white) panels show
only the channel corresponding to the detection of the respective effector or
translocase proteins. Lower panels show SDS-PAGE immunoblot analysis of the

indicated proteins in equal amounts of whole-cell lysates of the indicated
strains. (B) Samples from wild-type S. Typhimurium, a strain expressing FLAG-
epitope—tagged SicP, the chaperone for SptP, or a strain expressing FLAG-
tagged SptP were prepared as indicated in Fig. 3 and SEEarated b¥ BN-PAGE.
The left panel shows the simultaneous detection of SicP™® or SptP™AC (green)
and the needle complexes (red), and the right (black and white) panel shows
only the channel corresponding to the detection of SicP™S or SptP™C. The
lower panels show SDS-PAGE immunoblot analysis of the indicated proteins in
equal amounts of whole-cell lysates of the indicated strains. (C) Samples from
the indicated strains were prepared as described in Fig. 3 and separated by BN-
PAGE. The left panel shows the simultaneous detection of SicP™€ or SptP (green)
and the needle complexes (red), and the right (black and white) panels show only
the channel corresponding to the detection of SicP™€ or SptP.

bacterial cytoplasm (27, 28). We tested the poten-
tial role of the T3SS-associated chaperones in the
recruitment of effectors or translocases to the SpaO-
OrgA-OrgB platform. The protein translocases
are chaperoned by two proteins, SicA and InvE
(17, 29). In the absence of InvE, the translocases
SipB, SipC, or SipD were absent from the SpaO-
OrgA-OrgB platform, although their total amounts
in whole-cell lysates were unchanged (Fig. 4A).
Similarly, removal of the chaperone-binding site of
SptP prevented its recruitment to the SpaO-OrgA-
OrgB platform (Fig. 4A), even though the abun-
dance of this effector protein mutant in whole-cell
lysates was also unchanged when compared to
wild-type SptP (Fig. 4A). Thus, the chaperones
are required for targeting of the type III secreted
proteins to the SpaO-OrgA-OrgB sorting platform.
Immediately before secretion, T3SS chaperones are
removed from their cognate secreted proteins and
remain in the bacterial cytoplasm. We looked for
SicP, the chaperone of SptP, in the SpaO-OrgA-
OrgB platform of a AsipBCD mutant strain (which
can be loaded with SptP, see above). SicP was read-
ily detected in this platform (Fig. 4B), indicating
that chaperone removal may occur not upon load-
ing of the SpaO-OrgA-OrgB sorting complex but
at a later stage in the secretion process. Further-
more, we detected SicP in the SpaO-OrgA-OrgB
compex of a AsptP S. Typhimurium mutant strain,
which lacks this chaperone’s cognate secreted
protein SptP (Fig. 4C), indicating that recognition
of the chaperone-effector complex by the sorting
platform may occur through interactions with the
chaperone itself.

A distinctive feature of T3SSs is their ability to
engage substrates in a pre-established order (9-16).

www.sciencemag.org SCIENCE VOL 331

We have described here a sorting platform (fig.
S4) that ensures secretion of the translocases be-
fore the effectors. This same platform may also
contribute to substrate selection during assembly
of the needle complex, although additional mech-
anisms are required to ensure substrate switch-
ing after termination of needle complex assembly
(12, 30, 31). Because T3SS-associated chaperones
are essential for loading of the sorting platform, the
hierarchy of secretion may reflect different affin-
ities of the different secreted protein-chaperone
complexes for the sorting platform. The mech-
anism described here is likely to apply to all T3SSs
because the components of the sorting platform
and their interactions are conserved in other sys-
tems (figs. S5 to S7) (21, 32-35).
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